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Langley Research Center 

INTROIXJCTION 

Meteoroids are c e l e s t i a l  bodies traveling a t  ve loc i t ies  ranging f r o m  
35,000 t o  200,000 feet per second. 
p a r t i c l e  t o  large boulders. 
i s  i t s  occurrence. 
could completely penetrate a space vehicle wall while t h e  more numerous dust 
s ize  p a r t i c l e s  could bombard and erode ref lec t ive  surfaces, ports ,  lenses, and 
any other exposed apparatus that relies on its surface properties f o r  proper 
operation. 

They range i n  s i ze  from the  smallest dust 
Fortunately, the larger  t he  s i ze  the  less frequent 

The larger  micrometeoroids because of t h e i r  great  speed 

Consequently there  are two general areas that are  of i n t e r e s t  t o  t he  space 
technologist: 
s i z e  that could penetrate walls of space vehicles and the  erosion e f fec ts  
caused by the  scrubbing action of the  more numerous smaller par t ic les .  

Penetration by individual Q-pervelocity pa r t i c l e s  of the  larger  

IAW-vEu)CITY IMPACTS 

B q i r i c a l  Scaling I a w s  

Even before space f l i g h t  and i ts  accompanying meteoroid problem there  w a s  
i n t e r e s t  i n  penetration phenomena and high-velocity p a r t i c l e  accelerators f o r  
the  purpose of studying armor penetration. The bulk of these investigations,  
however, had t o  do with crater ing phenomena below 15,000 feet per second and 
resul ted i n  empirical formulas f o r  penetration based on best  f i t  curves through 
experimental data. 
on correlat ion of experimental data with an empirical formula of t he  form 

Some of t he  most widely used empirical formulas w e r e  based 

where 

P penetration 

2 some reference dimension of the  pro jec t i le  

density of the  p ro jec t i l e  PP 
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neous velocity; p, the penetration; and F, the r e s i s t i ve  force.  
sion equates the change i n  kinet ic  energy t o  the  work done by the r e s i s t i v e  
force F on the p ro jec t i l e .  Thus, the  form of the penetration equation i s  
automatically d ic ta ted  by the  assumption of a r e s i s t i ve  force. 
assumed penetration formula implici t ly  implies a r e s i s t i ng  force.  

This expres- 

Conversely, any 
I 

V impact veloci ty  

K proportionali ty constant 

Experiments were performed using various ta rge t  and p ro jec t i l e  materials,  
various shapes of pro jec t i les ,  and covering d i f fe ren t  veloci ty  ranges. Each 
experimentalist found the  value of m and n t h a t  best  f i t t e d  h i s  experimen- 
t a l  data usually disregarding the experimental data of others. Thus values of 
m from l/3 t o  1 and of n from l /3  t o  1 .4  were recommended. 

Other empirical relationships can be derived from the  simple equation of 
motion shown i n  equation ( 2 ) .  

Shown i n  f igure 1 are  a few of the  possible expressions f o r  r e s i s t i v e  
force and the  resu l t ing  penetration formula. 

I f  the r e s i s t i ve  force i s  assumed t o  be dependent only on the presented 
area of the pro jec t i le ,  t h a t  is, equal t o  some constant k, the penetration 
formula i s  of the form P 
by assuming t h a t  the force i s  dependent on the  depth of penetration (see eq. (2) 
of f i g .  l), the  penetration i s  of the form 

dependence of t he  r e s i s t i v e  force on the  penetration (see eq. ( 3 )  of f i g .  l), a 

formula with penetration proportional t o  pp 1/%2/3 i s  obtained. 

p V2. I f  f r ee  surface e f f ec t s  a r e  taken i n t o  account 

p 1/2V. Assuming a stronger P 

This and the  next two formulas i n  figure 1 a r e  of special  i n t e r e s t  a s  they 
a re  the  most widely used and were or ig ina l ly  obtained by r e l a t ing  the  c ra t e r  
volume t o  e i t h e r  the k ine t ic  energy o r  momentum of the  p a r t i c l e .  

The V t o  the  2/3 power penetration formula corresponds t o  the  assumption 
The V t h a t  c ra te r  volume i s  proportional t o  k ine t i c  energy of the p ro jec t i l e .  

t o  the l /3  power formula corresponds t o  t h e  assumption t h a t  c r a t e r  volume i s  
proportional t o  momentum of the  p ro jec t i l e ,  while t h e  V t o  the  u n i t  power 
s t a t e s  tha t  c r a t e r  volume i s  proportional t o  momentum per  u n i t  area of t he  
pro jec t i le  . 

Notice from equations 4 and 5 of f igure  1 t h a t  t he  momentum formula corre- 
sponds t o  a r e s i s t i ve  force t h a t  increases with increasing impact ve loc i ty  

2 
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w h i l e  the  momentum per un i t  area formula resu l t s  i n  a r e s i s t i v e  force which 
decreases with increasing impact velocity.  

If the  r e s i s t i ve  force i s  assumed proportional t o  the  i n e r t i a l  forces 

- created i n  the  t a rge t  ptV2 , the  resu l tan t  penetration formula has a logari th-  0 
mic dependence with respect t o  the velocity.  (See eq. (6) of f i g .  1.) If a 
term independent of veloci ty  i s  added t o  allow f o r  the e f f ec t  of mater ia l  
propert ies  such as strength,  hardness, e t c . ,  t he  penetration formula i s  a l so  
of t he  logarithmic form. 

A l l  of these forms of t he  penetration equation, except the first and sec- 
ond, have been advocated by a t  least one o f t h e  numerous experimentalists i n  
the  hypervelocity penetration f i e l d .  

Theoretical  Scaling Laws 

One of t he  e a r l i e s t  attempts t o  predict  penetrations by a theo re t i ca l  
analysis occurred when E. M. Pugh and several other invest igators  (ref. 1) 
attempted t o  predict  penetrations produced by a shaped-charge jet .  
t r a t i o n  model which was used i s  shown i n  figure 2. 

The pene- 

The p ro jec t i l e  was considered t o  be a j e t  of incompressible f l u i d  of 
length 1. 
incompressible f lu id .  On the l e f t  s ide of the figure i s  shown the  penetration 
process a s  viewed from the rest o r  laboratory frame of reference. 
je t  velocity;  pp 

and u i s  the  veloci ty  of t h e  penetrating p ro jec t i l e  material .  

The je t  impinged on the  t a rge t  which was a l s o  considered t o  be an 

V i s  the 
and pt, t he  j e t  and ta rge t  densi t ies ;  p, the  penetration; 

The penetration process as viewed from a moving reference frame o i i g i -  
nat ing a t  the bottom of t h e  c ra t e r  i s  shown on the  r igh t  side of f igure 2. The 
veloci ty  of t he  material inside the  j e t  i s  V-u, w h i l e  t he  veloci ty  of t he  
t a rge t  mater ia l  i s  u. 

I n  t h i s  reference frame the  flow can be considered t o  be steady. The 
stagnation pressure i n  both the t a rge t  and p ro jec t i l e  region can then be 

. obtained by t h e  Bernoulli’s equation. A s  the  stagnation pressure i n  both 
, regions may be the  same, a relat ionship between u and V can be derived and 
’ t he  r e su l t i ng  penetration a t  u = 0 can be wri t ten as 

- 
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where 1 i s  the  length of the p ro jec t i l e  and Vo i s  the minimum veloci ty  t h a t  
w i l l  f i r s t  cause a c ra te r .  This parameter was empirically introduced i n t o  the  
Bernoulli 's equation of t a rge t  material  i n  an attempt t o  introduce the  e f f ec t s  
of strength of the ta rge t  material .  

When the  ta rge t  and p ro jec t i l e  materials a r e  the  same, the equation s i m -  
p l i f i e s  t o  the  simple expression 

This equation was very successful i n  predict ing the penetration of j e t s  
and of long narrow p ro jec t i l e s  a t  r e l a t ive ly  low ve loc i t ies ;  f o r  higher veloc- 
i t ies ,  however, t h i s  equation gave ra ther  questionable r e su l t s  and f o r  veloc- 
i t i es  much greater  than Vo the  penetration formula becomes independent of the  

impact velocity (g = I). 

I n  order t o  remedy t h i s  f a u l t  a moreerefined model shown i n  f igure 3 was 
suggested by Gpik. 

The p ro jec t i l e  was taken t o  be a c i r cu la r  cylinder of radius ro and 
length 2r0. 
made through the  use of a s t rength parameter 
mum pressure a t  which a penetration can occur. 

A n  allowance f o r  the y i e ld  s t rength of the  ta rge t  mater ia l  w a s  
k, which i s  defined as the  mini- 

A s  i n  the preceding model, both the  p r o j e c t i l e  and t a rge t  a r e  considered 

A s  the  p ro jec t i l e  s t r i k e s  the t a rge t  it i s  decelerated by the  r e s i s t -  
p .  This res is tance creates  a 

t o  be incompressible f lu ids .  
r igh t .  
ance of the ta rge t  i n  the  form of  the pressure 
veloci ty  gradient i n  the  p ro jec t i l e  material and results i n  a r a d i a l  displace- 
ment r and r ad ia l  motion of the  p ro jec t i l e  mater ia l  ?. 

The flow pa t te rn  a f t e r  impact i s  shown i n  the  

By the use of the  conservation of mass of the p ro jec t i l e ,  Bernoulli 's  
equations f o r  both the p ro jec t i l e  and t a r g e t  mater ia ls ,  and an equation of 
motion, the maximum displacement w a s  found, i n  terms of a complicated in t eg ra l ,  
which was indeed a function of impact veloci ty .  A comparison of t he  r e s u l t s  of 
h i k ' s  model and the  je t  equation by Pugh w i l l  be shown a l i t t l e  later i n  the  
paper. 
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METEOROID VELOCITY IMPACTS 

Rnpirical  Formulas 

When the need f o r  information dealing with the  interact ion of meteoroids 
and materials first became apparent, t h e  log ica l  s tep f o r  the spacecraft 

danger of such a procedure can be seen from an examination of figure 4. 
, designer was t o  turn t o  armor penetration analysis f o r  h i s  fomulas .  The 

Plo t ted  i n  t h i s  figure i s  the  nondimensional penetration p/2 as a func- 
t i o n  of veloci ty  i n  thousands of feet per  second f o r  four of t h e  best known 
empirical penetration formulas: the  momentum per  uni t  area formula, the  
k ine t ic  energy formula, t he  formula based on momentum, and f i n a l l y  the  loga- 
rithmic form of the  penetration formula which was based on an i n e r t i a  r e s i s t i v e  
force . 

To r e s t r i c t  comparisons t o  the  e f f e c t s  of impact velocity,  t he  p ro jec t i l e  
and t a rge t  material w e r e  taken t o  be t he  same. 
constant K f o r  a l l  formulas was chosen so t h a t  a penetration of 0.1 was 
obtained a t  a veloci ty  of 15,000 f e e t  per  second. 

For the  sake of comparison, t he  

The danger of using any of these formulas t o  predict  penetrations of par- 
t i c l e s  a t  a high meteoroid velocity,  which is one order of magnitude greater  
than t h e  maximum experimental velocity,  i s  obvious from this figure. 
ences i n  predicted penetration of one order of magnitude can be had, depending 
on the  formula used. 
tolerated.  

Differ- 

This uncertainty in  penetration prediction can not be 

Even i f  the  penetration relat ionship a t  t he  lower v e l o c i t i e s  w a s  known, 
it s t i l l  would be dangerous t o  extrapolate t o  higher veloci t ies .  
t o  the  f a c t  t h a t  the  mechanism of penetration i s  so dependent on impact veloc- 
i t y .  

This i s  due 
I 

This dependence i s  demonstrated i n  figure 5. 

Shown i n  t h i s  figure are t h e  results of an experimental investigation i n  
which steel and tungsten carbide p a r t i c l e s  were impacted i n t o  s o f t  lead. 
ref. 2.) The results separate i n t o  three  individual regions depending on the  

- condition of t he  p ro jec t i l e  after impact. In region I the p ro jec t i l e  remains 
. i n t a c t  and t h e  penetration increases with velocity t o  the  4/3 power. 

c r a t e r  shape i s  long and narrow with about the same cross section as the pro- 

c r a t e r  -=comes wieer. 
veloci ty ,  while t he  c ra t e r  tends t o  become spherical. I n  region I11 the  pro- 
j e c t i l e  reaches the  f l u i d  state and the  penetration increases a s  V 
power. 

(See 

The 

1 * j e c t i l e .  As t h e  veloci ty  i s  increased the p ro jec t i l e  starts t o  deform and the  
in ~=eghii TI thc ~ e c e t r ~ t i n n  ~ e t i m l l y  decreases with 

t o  the  2/3 

Hypervelocity Penetration Mechanism 

A qua l i t a t ive  description of what happens t o  a semi-infinite t a rge t  when 
impacted a t  meteoroid ve loc i t i e s  can be described with the  a i d  of figure 6. 
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The t,op sketch of f igure 6 shows the pro jec t i le  j u s t  before impact. The 
par t ic le  i s  assumed t o  be t ravel ing a t  speeds w e l l  above the  speed of sound i n  
the  target  material ( f o r  example, the speed of sound i n  steel  i s  about 
17,000 feet  per  second). The ta rge t  i s  considered t o  be a semi-infinite body. 

Immediately after impact there  i s  an intense l i g h t  f lash.  Shock waves are ' 
propagated i n t o  the ta rge t  and in to  the  pro jec t i le .  
i s  high enough, both shock waves t r a v e l  i n t o  the  ta rge t .  
par t ic les ,  some of which t r ave l  a t  about twice the  speed of impact, a r e  e jected 
from the  ta rge t  surface. 

If the  veloci ty  of impact 
Small fragmentary 

A short t i m e  later the shock waves have propagated in to  both the  t a rge t  
and pro jec t i le .  The pressures and temperatures across the shocks, which depend 
on the impact velocity,  are so great t h a t  t he  ta rge t  material  can be considered 
a f l u i d  with negligible load-carrying a b i l i t y .  
other side of the  shock, of cowse, i s  not a s  ye t  aware of t he  impact and so 
continues t o  penetrate the  ta rge t .  This downward motion of t he  p ro jec t i l e  
imparts an outward motion of the f l u i d  pa r t i c l e s  causing the  f l u i d  mater ia l  t o  
erupt out of t h e  ta rge t  thus forming a c ra t e r  and l i p .  Meanwhile an expansion 
wave, traveling a t  a velocity higher than the shock velocity,  or iginates  from 
the  corner of the  p ro jec t i l e  and i s  propagated i n t o  the  ta rge t  material. This 
expansion wave re l ieves  the  highly compressed material  within the  shocked 
region. 

The p ro jec t i l e  material  on the  

Eventually the  expansion catches up with the  shock. Thus the  shock i s  
weakenedto the  point where the  temperatures across the  shock are below those 
necessary t o  m e l t  t he  t a rge t  material and the  pressures approach t h e i r  allow- 
able dynamic s t resses .  
propagation of p l a s t i c  and e l a s t i c  stress waves resul t ing i n  a mechanical 
cratering process. 

A t  t h i s  t i m e  f'urther penetration continues through the  

Thus the  energy of a hypervelocity p ro jec t i l e  i s  diss ipated by a var ie ty  
A f lash  or  explosion, melting and vaporization of both t a rge t  of mechanisms: 

and pro jec t i le  material ,  resistance of t he  t a rge t  as a f l u i d  mass, and p l a s t i c  
and e l a s t i c  deformation and snapback. 

A feeling for  the  order of magnitude of t he  pressures, densi t ies ,  and t e m -  
peratures associated with such shock phenomena can be had by examining the  one- - 

I dimensional case of impact shown i n  f igure  7. 

On the l e f t  s ide of t h i s  f igure i s  shown a one-dimensional body t rave l ing  - 
I 

i 

a t  a velocity V and density po j u s t  p r i o r  t o  impacting a s ta t ionary one- 
dimensional body. The density of the  t a rge t  material i s  the same as t h a t  of 
the  pro jec t i le  (i .e., The two bodies after impact are shown on t h e  r igh t  
side of figure 7. 

po) . 

The velocity of the interface between the  p a r t i c l e  and t a rge t  5s equal t o  
one-half of the  impact velocity. 
get  i s ,  of course, always greater  than t h i s ,  as the  density of t h e  shocked 
material is  always increased. 

The ve loc i ty  of t he  shock f ron t  i n t o  t h e  tar- 
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The motion of the  rear shock can be i n  e i ther  direction depending on the 
density ra t io .  If the material between the shocks i s  compressed t o  more than 
twice i t s  original density p po > 2 the  shock will t rave l  i n t o  the target.  

If not, the shock w i l l  t r ave l  in to  the projecti le.  The value of t h i s  density 
r a t i o  and the result ing pressures are shown i n  figure 8. 

( 1 1  ) 
' 

I n  t h i s  figure a plot  of the density ra t io  p/po and result ing pressure 
i n  the shocked region i s  shown as  a function of the impact velocity i n  feet per 
second plotted on a log scale. 
on the bottom scale. 

that f o r  iron a density r a t i o  of 2 occurs a t  an impact velocity of about 
70,OOO feet per second. 
remain stationary a t  the impact surface. 

The velocity i n  kilometers per second i s  shown 
These resu l t s  are  for  i ron impacting on iron and w e r e  

. obtained from some experimental work done a t  Los Alamos. (See ref. 3 . )  Note 

Thus a t  t h i s  impact velocity the rear  shock wave w i l l  

The pressures result ing from these density ra t ios  are shown by the pres- 
Note tha t  the pressures are plotted i n  megabars, where 1 megabar 

Notice also that even fo r  impact 
sure curve. 
i s  approximately equal t o  14.7 million ps i .  
veloci t ies  below 20,000 f ee t  per second pressures i n  the range of 20 t o  30 mil- 
l ion psi  w i l l  be generated. 
meteoroid velocity, the pressures reach over 30 megabars (450 million ps i ) .  
The temperatures a t  these high pressures are i n  the thousands of degrees, which 
are  w e l l  above the melting and even the vaporization temperature of the 
material. 

A t  200,000 feet  per second, the maximum estimated 

Although the one-dimensional solution permits us t o  evaluate the pressures 

Consequently, no estimate of pen- 
and density change across the shock, it does not contain a mechanism f o r  dis- 
sipation of the shock nor crater  production. 
e t ra t ion can be obtained tbrough i t s  use. 

Early Theoretical Approaches 

M a n y  theoret ical  approaches for  the prediction of high-velocity cratering 
phenomena have been used. 
predict  penetration are  shown i n  figure 9. 
assumes t h a t  the  crater  i s  formed by a different cratering mechanisms. 

The resu l t s  of three of the ea r l i e s t  attempts t o  
Each of these theoret ical  approaches 

The thermal penetration theory (first suggested by Whipple) assumes that 
the c ra te rs  are formed by removal of the target material by melting or  vapori- 
zation. Consequently, the crater  volume i s  obtained by dividing the energy of 
the pro jec t i le  by the  energy necessary t o  melt a u n i t  volume of target  material. 
The penetration equation i s  of the form shown a t  the top of figure 9 where K 
i s  a constant depending on the  shape of the project i le  and crater  and Q i s  
the  energy necessary t o  m e l t  a uni t  mass of target  material. 
penetration theory (see ref. 4) assumes that the crater i s  ident ical  t o  tha t  
formed by an amount of explosive whose enerQy is  equivalent t o  the kinetic 
energy of t he  project i le .  The explosive i s  assumed t o  generate a powerf'ul 
shock wave that converts a l l  of the target  material t o  a strongly compressed 
polytropic gas. 

The explosive 

The cratering process i s  assumed t o  continue u n t i l  the energy 
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on the shock front  i s  l e s s  than the  in t e rna l  energy required t o  d is in tegra te  
the ta rge t  material .  The penetration equation fo r  t h i s  case i s  iden t i ca l  i n  
form t o  the thermal penetration analogy. I n  t h i s  equation (see f i g .  9 )  
represents t he  energy required t o  dis integrate  the  ta rge t  mater ia l  and K 
depends on the material  properties of the  t a rge t .  

R 

Grimminger ( r e f .  5 )  presented the  f i rs t  theory based on the  hydrodynamic 
analogy which assumes t h a t  the ta rge t  i s  a compressible f lu id .  This assumption _. 

i s  suggested by the  extremely large pressures generated i n  high-velocity i q a c t .  
A s  the  material  strength i s  small i n  comparison t o  these pressures, it can be 
neglected. 
sphere and t h a t  the  penetration occurred i n  two phases. 
p ro jec t i le  w a s  decelerated by the  drag force exerted by the compressible f l u i d  
on the pro jec t i le .  This deceleration continued u n t i l  the  p ro jec t i l e  reached a 
speed of Mach 5 .  The f i n a l  penetration was assumed t o  be given by an empirical 
penetration formula derived from armor penetration a t  low ve loc i t ies .  The 
resu l t ing  penetration formula i s  shown a t  t he  bottom of f igure 9. 
term of t h i s  formula i s  t h a t  due t o  the  drag force w h i l e  the  second is  the 
empirical armor penetration equation. 

Grimminger’s analyses assumed that the  p ro jec t i l e  was a r i g i d  
In  the  f i r s t  phase the  

The f i r s t  

Hydrodynamic Approach 

One of the  most complete and detai led solutions of hypervelocity penetra- 
t i o n  was based on the  hydrodynamic analogy. 
cyl indrical  p ro j ec t i l e  of length equal t o  i t s  diameter and made of the  same 
material  as the ta rge t .  
compressible inviscid f lu ids .  The analysis i s  based on a solution of the  non- 
l i nea r  compressible f l u i d  equations shown below. 

The problem solved was t h a t  of a 

Both the  t a rge t  and p ro jec t i l e  a r e  considered t o  be 

p - +  de pu”  ve + P O .  at 

J 
where 
i n t e r n a l  energy; and p ,  the  density. 

u i s  the f l u i d  p a r t i c l e  veloci ty;  p ,  the  pressure;  e, the  spec i f ic  

These equations represent t he  conservation of momentum, conservation of 

The equation of s t a t e  used w a s  t h e  so- 
mass, the  energy equation, and the  equation of s t a t e .  
heat-conduction terms a re  neglected. 
cal led Los Alamos equation of s t a t e  f o r  metals. 
means of interpolating between r e s u l t s  of an experimental Hugoniot in, the  low 

Note t h a t  v i scos i ty  and 

This equation w a s  obtained by 



megabar pressure range and an analytical  equation of state using the Fermi- 
Thomas-Dirac theory for  material i n  the higher pressure range. 

These f l u i d  equations had t o  be solved numerically. The numerical method 
used was the one referred t o  as  the "Particle I n  C e l l "  or PIC method and i s  
discussed i n  reference 6. 

In t h i s  method the region of in te res t  i s  divided in to  a f i n i t e  number of 
computational ce l l s  which are fixed relat ive t o  the observer. 
velocity, internal  energy, and t o t a l  mass associated with itself. 
represented by individual par t ic les  o r  mass points which move through this 
Eulerian mesh i n  Lagrangian fashion. I n  the solution, these equations are  
written i n  f i n i t e  difference form and then solved explicity. 

Each c e l l  has a 
The f l u i d  i s  

The results of such an analysis are shown i n  figures 10 through 12. 

1 
2 In  figure 10 are shown the pressure contours and velocit ies a t  3- seconds 

after the impact of an iron project i le  on an iron target.  
assumed t o  have been traveling a t  18,000 feet  per second. 

The project i le  was 

The vectors indicate the direction and magnitude of the velocity a t  each 
mesh point located a t  the t a i l  of the vector. 
representing equal pressures of 2, 1, and 0.2 megabars. The cylindrical  pro- 
j e c t i l e  had a 10-centimeter diameter and a 10-centimeter height. 

The contour l ines  are isobars 

Note that there are  two pressure pulses of more than 2 megabars and that 
One 

Notice 
the  pressures throughout the affected region are i n  the megabar range. 
pulse i s  traveling in to  the ta rge t  and the other in to  the project i le .  
a lso that the  numerical method used does not re ta in  the discontinuity of the 
shock. Instead the shocks a re  smeared over a wide area. 

The veloci t ies  of a l l  target  points beyond 0.2-megabar contour are  zero 
thereby indicating that the points have not, a s  yet, f e l t  the impact. Simi- 
larly the velocity of the project i le  points above the 0.2-megabar contour are 
equal t o  the  i n i t i a l  velocity and thus are  not aware tha t  the front of the pro- 
j e c t i l e  i s  being stopped. Note tha t  the velocity vectors near the axis of sym- 
metry are pa ra l l e l  t o  the i n i t i a l  projecti le velocity. 
that these points are  s t i l l  not aware that  the  project i le  is, f inite.  
f ini teness  of the project i le  i s  indicated by the generation of an expansion 
wave from i t s  ou-tier clrc-&ere&.isl Doints. 
a c t  as i n  the  one-dimensional case. 

This i s  an indication 
The 

Consequently, a l l  of these points 

The pressures and velocit ies a t  8.7p sec after impact are  shown i n  f ig-  
ure 11. 
reached the  l i n e  of symmetry and has also caught up with the shock wave. 
pressures are s t i l l  re la t ively high. 
weakened by the expansion wave and by the f ac t  tha t  it i s  encompassing more 
volume, i s  now only 1.0 megabar a t  i t s  maximum. 

From this figure it can be seen tha t  the rarefraction wave has now 
A l l  

The pressure a t  the shock, which has been 
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In f igure 12 the  pressures and veloci t ies  a t  81.7~ sec are shown. A t  t h i s  
Now a l l  the  point the shock i s  spherical  and has j u s t  about dissipated i t se l f .  

pressures are  re la t ive ly  low. The maximum pressures are only 0.1 megabar. 

Two investigators have used t h i s  method of analyses t o  determine depend- 
ence of penetration on velocity ( R .  J. Bjork r e f .  3 and J. W. Walsh ref. 7) .  
Bjork's investigation, from which the data for  the preceding figures were 
taken, was published i n  1959 while Walsh's investigation w a s  reported i n  1963. - 

Both have claimed t o  use ident ica l  methods f o r  calculating the pressure, 
velocity, and density dis t r ibut ions and the  same equation of state. 
however, come up with en t i re ly  different  conclusions. 

They have, 

Bjork continued h i s  analysis unt i l  the  shock wave w a s  dissipated,  such as 
i s  shown i n  f igure 12. He then defined h i s  penetration by using the  points of 
zero pressure t o  define the c ra t e r  boundary. Using t h i s  c r a t e r  c r i t e r ion  he 
made calculations f o r  impacts with both aluminum and i ron a t  th ree  d i f fe ren t  
veloci t ies .  The r e su l t s  of these calculations are shown i n  f igure 13. 

Plotted i n  t h i s  figure i s  the nondimensional penetration p/d as a func- 
t i on  of velocity on a log-log scale.  
aluminum while the c i r c l e s  a re  f o r  iron. 

The t r iangles  represent t he  r e su l t s  f o r  

The s t ra ight  l i ne  drawn through these points has a slope of V1/3. Thus 
Bjork concluded tha t  the  c ra t e r  volume i s  dependent on the  momentum of the  par- 
t i c l e  (a t  l e a s t  for  the hypervelocity impact region).  

Walsh's arguments ( r e f .  6 )  were as follows: 

I n  the ear ly  stages of project i le- target  interact ion,  pressures and t e m -  
peratures throughout the affected region are indeed suf f ic ien t ly  high t o  neg- 
l e c t  strength properties and the hydrodynamic approach i s  applicable. On the  
other hand, i n  the  l a t e r  s t a t e s  of penetration the pressures are comparable t o  
the ultimate o r  y ie ld  strength of the  material .  Consequently, the  penetration 
cannot be considered a t o t a l l y  hydrodynamic problem. 

Recognizing t h i s ,  Walsh did not calculate  c ra t e r  s izes .  Instead he 
attempted t o  treat  only t h a t  portion of t he  penetrator t h a t  i s  formed during 
the  high-pressure phase of the  penetration phenomena. 
tu la ted  that ,  i f  a t  any t i m e  during the  formation of c ra t e r s  resu l t ing  from 
different  impacts t he  pressure pulses and ve loc i t i e s  were the  same, then the  
subsequent reaction of t he  ta rge t  material should be the  same. 

I n  doing t h i s  Walsh pos- 

Making use of t h i s  principle,  Walsh calculated the  pressure and veloci ty  
dis t r ibut ion for  a number of impacts of i ron  cylinders and i ron  ta rge ts .  I n  
a l l  cases he varied the  mass and veloci ty  of t he  p ro jec t i l e  while keeping the  
kinet ic  energy constant. .From comparisons of pressure and veloci ty  p lo t s  he 
concluded that  the  hydrodynamic portion of t he  penetration process var ies  as 
Vo'62. 
k inet ic  energy. 

This i s  approximately V 2 / 3  which states t h a t  c r a t e r  volume depends on 
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To summarize the results of the theoretical approaches, calculations w e r e  
made of the penetration of an iron project i le  in to  an i ron target using the 
theoretical  approaches ju s t  discussed. The results are  shown i n  figure 14. 

Curves are shown fo r  the je t  penetration mode, Odpik's, Grimminger's equa- 
t ion,  and the curves result ing from Bjork's and Walsh's investigations. 
thermal and explosive analogy curves would, of course, be para l le l  t o  the 

The 

- v2/3 curve. There i s  some experimental work a t  25,000 feet per second tha t  

work. From t h i s  we could conclude t h a t  the 

Even with this, however, the spread of the predicted penetra- 

l i es  between the V 'I3 and V 2/3 
incompressible f lu id  models of Pugh and 6pik are not applicable t o  the hyper- 
velocity range. 
t ion  i n  the high meteoroid velocity range i s  s t i l l  too great for  design 
purposes. 

Even the resu l t s  of the two most exact analyses differ considerably i n  the 
higher impact velocity range. 
ident ical  approaches, and differed only i n  t h e i r  c r i t e r i a  of crater  formation. 

This i s  i n  spite of the fact  tha t  they used 

METEOROID SIMUUTION "I- 

Concurrent with the development of theoretical  approaches, there has been 
an increasing effor t  t o  improve existing accelerators t o  meet the need for  
meteoroid simulation. 

There are three requirements t ha t  must be m e t  f o r  the accurate simulation 
of the meteoroid environment: 

F i r s t ,  the  technique should be capable of obtaining impact veloci t ies  i n  
the meteoroid velocity range (i.e., between 35,000 and 200,OOO f t /sec) .  

Second, the  technique should be such that the mass, size,  and velocity of 
the  pro jec t i le  are e i ther  known or  can be accurately measured. 

Finally, the technique should be capable of accelerating a large number of 
This requirement is ,  of cowse, not needed for  studying the smaller par t ic les .  

penetration damage done by the large micrometeoroids. 
t o  investigate the erosion damage done by the more numerous smaller 

It is, however, needed 

* micrometeoroids. 

Accelerators For Armor Penetration 

Two of the methods tha t  were extensively used fo r  armor penetration inves- 
t igat ions are the light-gas guns and the explosive charge accelerators. 
light-gas gun consists of two stages: 
by a diaphragm. 
compress the gas. 
allowing the  pressurized gas t o  accelerate the project i le  down the launch tube. 

The 
a pump tube and a launch tube separated 

The pump tube consists of a l i gh t  gas and a piston device t o  
When the pressure becomes large the  diaphragm i s  ruptured 
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The ve loc i t ies  obtained from these devices, however, were well  below mete- 
oroid veloci t ies .  
b i l i t i e s  a re  shown i n  f igure 15. 

Some of the methods used t o  increase t h e i r  veloci ty  capa- 

The top sketch shows the basic scheme of staging. I n  this system the  pro- ~ 

j e c t i l e  of the f irst  gun a c t s  as a pis ton fo r  the second. 

The velocity of a l ight-gas gun i s  dependent on the  r a t i o  of the  gas tem- 
perature t o  the mass of the gas. A s  the  mass of the gas i s  already a minimum, 
higher veloci t ies  can be obtained only through ra i s ing  the  temperature of the  
gas. Three schemes have been used t o  augment the  energy of the gas: e l e c t r i -  
c a l  discharge i n t o  the gas, preheating the pump tube before in jec t ing  the gas, 
and preheating the gas outside and in jec t ing  it i n t o  the  pump tank j u s t  p r io r  
t o  compression. 
guns has t o  do with proper design of the t r ans i t i on  section. 
l e f t  of f igure 15 i s  an aerodynamic throa t  t rans i t ion  section which w a s  
designed t o  provide minimum resis tance t o  gas passage. 
accelerated breech t rans i t ion  section. 
c a l  strength extrudes i t s e l f  i n t o  a very s m a l l  angle conical t rans i t ion .  This 
extruding action creates an increase i n  the veloci ty  and pressure of the  f ront  
face of the piston. 

Another approach t o  increasing the eff ic iency of l ight-gas 
On the  bottom 

On the  r igh t  i s  the  
I n  t h i s  design a pis ton of low mechani- 

A summary of the  maximum capabi l i t i es  of present l ight-gas gun f a c i l i t i e s  
i s  shown i n  figure 16. 

Shown i n  t h i s  f igure i s  the maximum veloci ty  i n  f ee t  per second a s  a func- 
t i on  of the pro jec t i le  weight i n  grams. 
per second are  shown on the right-hand scale.  

Equivalent ve loc i t ies  i n  kilometers 

The c i r c l e s  represent the ve loc i t ies  of guns using the tapered throa t  and 
powder accelerated pistons.  The square symbols represent t he  guns using aero- 
dynamic throats.  The numerals above the square symbols denote which pump tube 
configuration w a s  used. 

Note t h a t  the  highest veloci ty  obtained with a l ight-gas gun i s  about 
34,000 f t /sec,  which i s  s t i l l  below even the  minimum meteoroid velocity.  
thermore, a t  t h i s  veloci ty  only one o r  two shots can be obtained before the  
guns must be rebored. 

Fur- 

Some of the methods developed fo r  increasing the  efficiency of the explo- 
sive charge techniques, a l so  used i n i t i a l l y  i n  armor penetration, are shown i n  
f igure 17. 

* 

The top sketch i s  an i l l u s t r a t i o n  of the so-called cavity charge tech- 

A t  t h i s  t i m e  it generates a strong shock 
The detonation wave continues 

This detonation wave, i n  tu rn ,  

nique. 
Unti l  it reaches the  cavity w a l l .  
wave which i s  propagated through the  cavity.  
through the w a l l s  of the tubular section of the  explosive a t  a higher veloci ty  
than the  or iginal  shock wave i n  the  cavity.  
generates other shocks from the inner sidewalls. These addi t ional  shocks 
in t e rac t  with t h e  or iginal  shock, progressively compressing it and creat ing a 

I n  t h i s  technique the detonation wave propagates through the  explosive 
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corresponding increase i n  peak pressure. 
t i c l e s  up t o  25,000 ft /sec.  

Such devices have accelerated par- 

Another approach t o  the shaped-charge techniques are the  l inear  charges 
, shown i n  the bottom two sketches of figure 17. 

t i l e  i s  formed during the launch stage. 
I n  t h i s  technique the projec- 

As the detonation wave progresses forward, it collapses the metal l i ne r  
material onto the axis and forms the projectile. 
67,000 feet  per second have been measured for  the cylindrical l i ne r  while a 
velocity of 49,000 fee t  per second has been obtained with the conical l iner .  
The disadvantage of t h i s  technique i s  tha t  neither the shape nor mass of the 
project i le  i s  accurately known. 

Velocities as  high as  

Accelerators For Meteoroid Simulation 

Neither the light-gas gun nor shaped-charge accelerators meet the require- 
The velocity of the l igh t -  ments for  simulation of t rue  meteoroid environment. 

gas gun i s  too l o w  and the par t ic le  size of the explosive charge technique i s  
not accurately known. 
increase i n  e f for t  t o  develop ent i re ly  new acceleration techniques. 
most promising are the exploding wire or  f o i l  guns and the electrostat ic  
accelerators. 

Consequently, i n  the l a s t  few years there has been an 
Two of the 

A n  exploding f o i l  gun i s  shown schematically i n  figure 18. It consists of 
a bank of capacitors connected through a switch t o  a thin aluminum f o i l  of 
1/4-mil thickness. The t w o  solid p las t ic  blocks approximately 2 inches square 
and one-half inch thick ac t  as  a breech and a p las t ic  tube acts  as an expandable 
barrel .  The barrel  i s  then mounted in to  a vacuum chamber tha t  also houses the 
target.  

The exploding f o i l  guri u t i l i ze s  the  explosive force achieved by abruptly 
discharging the large quantity of e lectr ical  energy stored i n  the capacitors 
through the th in  metal f i l m .  
a molten s t a t e  i n  a re la t ively short time ( l e s s  than a millisecond). 
i n e r t i a  of the f i lm holds it i n  place un t i l  it becomes superheated and explodes. 
The explosive force punches a disk-shaped par t ic le  which forms the projecti le.  
The pro jec t i le  sizes can be altered by changing the diameter of the tube and 
the thickness of the diaphragm. Projecti le material can be altered by using 

and disk thicknesses f r o m  O.Oii2 iii& t o  G.C52 I ~ c h  ~ Y P  heen siic.cessf'ully used. 

When t h i s  discharge occurs the film i s  heated t o  
The 

~ different  material diaphragms. Barrels ranging from 1/8 t o  1/2 inch i n  diameter 

A sequence of pictures of the f i r i ng  of an exploding f o i l  gun i s  shown i n  
figure 19. 
a f t e r  the  closing of the switch. 

The pictures were taken a t  lo-, 25-, 28-, and %-second intervals 

It takes about 10 seconds for the diaphragm t o  shear, allowing the plasma 
and the pro jec t i le  t o  be accelerated down the barrel .  
t i l e  i s  w e l l  down the barrel .  
and almost impacting the target.  

A t  2% sec the projec- 
A t  28p sec the project i le  is  out of the barrel  

You can see the shock wave ahead of the 



l I  projec t i le  j u s t  beginning t o  be ref lected by the target .  
shows the pro jec t i le  impacting the  ta rge t  with the  accompanying spray of par- 
t i c l e s .  Two in te res t ing  points a re  brought out by these pictures:  
plasma front i s  always ahead of t he  project i le ;  and, second, t he  ba r re l  and 
breech remain in t ac t  unti l  the  pa r t i c l e  i s  w e l l  on i t s  way. 
technique i s  i n  i t s  development stage. 
10-mg par t ic les  t o  about 35,000 feet per  second with only 6000 joules of elec- 
t r i c a l  energy. This indicates  only a 5-percent efficiency of converting elec- 
t r i c a l  energy in to  kinet ic  energy of the  par t ic le .  

The las t  picture  

F i r s t ,  the  

A s  of today t h i s  , 
Exploding f o i l  guns have accelerated 

. 

Analyses and experimental investigations a re  under way a t  Langley and 
I several  other organizations t o  improve t h i s  efficiency. 

Another version of the e l e c t r i c a l  discharge accelerator i s  the  exploding 
w i r e  gun developed by M r .  Scully of North American Aviation. The f a c i l i t y  u t i -  
l i z e s  the  discharge of a large bank of capacitors of about 40,000 joules but, 
instead of a p l a s t i c  bar re l  and breech and aluminum f o i l ,  it u t i l i z e s  a lithium 
wire a rc  chamber shown i n  figure 20. 

The arc chamber consists of an insulated l i thium wire attached t o  the  
capacitor a t  one end and t o  ground a t  t h e  launch tube end. The pro jec t i les  are 
placed on a car r ie r  membrane a t  t he  entrance t o  the  launch tube. The membrane 
i s  i n  contact with the  a rc  chamber electrode. The pa r t i c l e s  consist  of thou- 
sands of small glass spheres ranging i n  s ize  from 10 t o  50 microns i n  diameter. 
Upon discharge of the  capacitors t he  pa r t i c l e s  are accelerated by the  l i thium 
plasma down the launch tube which i s  evacuated t o  a pressure of 3 t o  7 microns 
of mercury. 
s t r ik ing  the ta rge t .  
60,000 feet  per second with a 70-micron p a r t i c l e .  

~ 

l -  

Baffle p la tes  are used t o  prevent a l l  but a f e w  pa r t i c l e s  from 
The m a x i m  veloci ty  achieved with t h i s  device i s  about 

The other technique which has t h e  po ten t i a l  of simulating the  meteoroid 
environment i s  the  e l ec t ros t a t i c  accelerator.  
of reaching the highest meteoroid veloci ty .  This method i s  applicable only t o  
the  smaller par t ic les  but allows fo r  the  acceleration of a stream of pa r t i c l e s  
t o  meteoroid veloci t ies  thereby permitting a study not only of penetration but 
a l so  of erosion e f fec ts  of micrometeoroids. 

This technique has t h e  poten t ia l  

The in te res t  i n  t h i s  f a c i l i t y  stems from the  range of ve loc i t i e s  t h a t  i s  
a t ta inable  from consideration of t h e  equations 



Equation (6a) shows the velocity attained by a par t ic le  of mass m with a 
charge q exposed t o  an e lec t r ica l  potential V. The charge on a par t ic le  can 
be expressed i n  terms of the surface f i e l d  strength on the par t ic le  E. 
the velocity of a spherical charged par t ic le  can be related t o  its radius 
density p,  voltage V, and surface f ie ld  strength E, a s  shown i n  equa- 
t ion  (6b). 

Hence 
r, 

This form of the equation i s  preferred as the maximum charge which a par- 

i s  determined by the ab i l i t y  of the material t o  hold electrons or  
t i c l e  can retain can be expressed i n  terms of t h i s  parameter 
value of E 
ions and i s  about one order of magnitude greater for  a positive charge than fo r  
a negative charge. Consequently, only positively charged par t ic les  are con- 
sidered for  e lectrostat ic  acceleration. 

E. The maximum 

The significance of t h i s  equation i s  shown i n  figure 21 where the at ta in-  
able velocit ies fo r  an i ron par t ic le ,  one micron i n  diameter, are plotted as a 
function of voltage i n  millions of volts.  
theoretical  charge possible (which i s  2.0 x 1010 volts/meter) , 30 percent of 
maximum, and a charge corresponding t o  about 12 percent of the maximum or  
2.5 x 109 volts/meter. 

The curves are  drawn fo r  the maximum 

This lower value represents the charge tha t  can be placed on a par t ic le  by 
the only fully developed charging device. 
charged are  allowed t o  come in to  contact with a small spherical charging elec- 
trode which i s  maintained a t  a high positive voltage. 
erator t h i s  charging device was mounted on the accelerator tube i n  the dome of 
a two-million-volt Van de Graaff generator. Thus a micron-size par t ic le  would 
be accelerated t o  about 28,000 fee t  per second. Smaller particles,  of course, 
would reach higher speeds. A t  the present t i m e  Langley i s  ins ta l l ing  a similar 
device but i s  using a 4-million-volt Van de G r a a f f  generator which is  the larg- 
est horizontal machine made. Thus with t h i s  device we can achieve about 
40,OOO feet per second with a 1-micron-size par t ic le .  

In  t h i s  device the par t ic les  t o  be 

In  the original accel- 

A s  can be seen from these curves, velocit ies i n  the 100,000-feet-per- 
second range can be realized ei ther  by improving the par t ic le  charging device 
o r  by providing larger  accelerating voltages. 
being investigated. 

Both of these approaches are  

I n  the l igh t  of recent developments the most a t t ract ive approach t o  
obtaining the  higher velocit ies i s  through an increase i n  voltage. 
studies have shown tha t  voltages of the order of 20 t o  30 million vol ts  are 
en t i re ly  feasible  by the use of a l i n e a r  accelerator such a s  shown i n  figure 22. 

Theoretical 



Devices similar t o  t h i s  have been used by nuclear physicis ts  t o  accelerate 
electrons and protons. It consis ts  of a l inear  array of cy l indr ica l  d ra f t  
tubes of which the length and gap separation progressively increase.  
nating tubes a re  connected t o  opposite terminals of an alternating-current 
source. The frequency of this source i s  adjusted so t h a t  each time the p a r t i -  . 
c l e  enters a gap it sees an accelerating voltage. Consequently, the  t o t a l  
accelerating voltage i s  equal t o  the sum of a l l  the  accelerations received a t  
each gap. 

Alter-  

Studies a re  a l so  under way t o  improve the charging devices. One promising 
new method i s  one tha t  charges the pa r t i c l e s  by exposing them t o  a concentrated 
ion beam. One such method (see r e f .  9) has successfully imposed a la rge  charge 
on carbon pa r t i c l e s .  
small par t ic le .  I n  addition, the  charging device requires constant v i sua l  
observation of the pa r t i c l e  precluding i t s  integrat ion i n t o  a Van de Graaff 
accelerator. 

However, it takes from 4 t o  8 hours t o  charge j u s t  one 

I 

A summary of the meteoroid simulation capabi l i t i es  i s  shown i n  f igure 23 
where the at ta inable  velocity i n  both f e e t  per second and kilometers per see- 
ond i s  plot ted against the s i ze  of the p ro jec t i l e  i n  meters. The s o l i d  l i n e s  
indicate  present capabi l i t i es  of these devices while the dotted l i n e s  a re  r ea l -  
i s t i c  potent ia ls  f o r  the near future.  The shaded area represents t he  estimated 
meteoroid velocity range. A s  the  figure i l l u s t r a t e s ,  the ex is t ing  devices a re  
capable of simulating the meteoroid impacts only i n  the  lower meteoroid veloc- 
i t y  region. I n  the near future ,  however, ve loc i t ies  i n  the higher meteoroid 
veloci ty  region w i l l  be possible with the  e l ec t ros t a t i c  accelerator.  This, of 
course, w i l l  be with the smaller, dust s i ze  pa r t i c l e s .  Larger p a r t i c l e s  can 
be accelerated only t o  about 60,000 f e e t  per second even with the  ant ic ipated 
improvement i n  the  exploding f o i l  gun. 

Of a l l  these devices the e l e c t r o s t a t i c  accelerator i s  the  only one t h a t  
can accelerate the high fluxes of pa r t i c l e s  needed (10/sec) f o r  erosion studies.  

CONCLUDING IiEMARKS 

I f A summary of the  state of the  a r t  of predict ing the  penetration of semi- 
i n f i n i t e  targets  by pa r t i c l e s  t rave l ing  a t  meteoroid ve loc i t i e s  has been pre- 
sented. 
penetration of one order magnitude e x i s t  i n  t h e  high meteoroid veloci ty  range. 
Although several accurate ana ly t ica l  solutions of t he  penetration problem, 
t rea ted  a s  a hydrodynamic phenomena, have been made, uncertaint ies  i n  the  equa- 
t i on  of s t a t e  and the crater ing c r i t e r i a  have caused la rge  differences i n  the 
resu l t ing  scaling l a w s .  

From t h i s  summary it was concluded t h a t  uncertaint ies  i n  predicted ' 

I From a summary of simulation techniques it w a s  concluded t h a t  ex is t ing  
devices are capable of simulating meteoroid impacts only i n  the  lower meteoroid 
velocity range. 
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